The gene implicated in the genetic disease cystic fibrosis (CF) has been cloned (1) (2) (3) , and the expression of the wild-type gene product in different types of CF cells has resulted in the correction of the putative chloride conduction defect (4, 5) . Expression of the gene product, termed the cystic fibrosis transmembrane regulator (CFTR), in various heterologous systems (6) has also coincided with the appearance of a low-conductance, ohmic chloride channel, which is activated by increases in cellular cAMP and is insensitive to calcium (7, 8) . It has therefore been hypothesized that CFTR is itself the chloride channel that is defective in the disease (7) (8) (9) . Attention has subsequently turned to the putative transmembrane domains of CFTR as the possible sites of chloride conductance. Indeed, when putative transmembrane cationic residues, expected to be critical for chloride channel activity, were changed to anionic residues, alterations in anion selectivity were observed. However, channel function remained otherwise intact (10) . Furthermore, whereas deletion of a distal portion of the R domain in wild-type CFTR led to partial independence of the chloride channel from cAMP regulation, channel function was again retained (11) .
We have therefore focused our attention on the predicted nucleotide binding folds as possible sites of channel activity. To test this hypothesis we prepared a recombinant first nucleotide binding fold (r-NBF-1) protein and reconstituted it using a planar phospholipid bilayer method. We report here that this recombinant protein expresses an intrinsic anion channel activity, with a unitary conductance, in the presence of ATP, of "9 pS. We also found that the r-AF508 homologue of NBF-1, representing the most common mutation in CF, has similar but not identical anion channel activities to those of the wild-type r-NBF-1. We conclude that if CFTR is a channel protein, then the domain hitherto identified as the NBF may provide all or part of the specific ion conductance mechanism.
MATERIALS AND METHODS
Expression and Purification of Recombinant Proteins. CFTR NBF-1 was defined by primers, 5'-GCG CGA ATT CAT GAC AGC CTC TTC TTC AG-3' and 5'-GCC ATC AGT TTA CAG ACA CAG AAT TCA AA-3', designed to introduce EcoRI sites at 5' and 3' ends of the PCR product (as described in the legend to Fig. 1 ; J.H., Z. Huang, T. A. Rado, S. Peng, T. Jilling, D. D. Muccio, and E.J.S., unpublished data) for incorporation into the pGEX-2T expression system (Fig. 1A) . Template cDNA was derived from American Type Culture Collection plasmid T16-1 (wild-type CFTR) and Cl-1/5 (AF508 CFTR). Following thrombin treatment to cleave the fusion protein, the products were purified on a preparative polyacrylamide gel, and the r-NBF-1 domain was excised and electroeluted. Removal of residual SDS was accomplished by dialysis of the sample against a solution of 6 M urea/50 mM Tris acetate, pH 7.8/10 mM 2-mercaptoethanol/1% Dowex. The protein was further dialyzed into 10 mM Tris HCI (pH 7.4) (J.H. et al., unpublished data) and then subjected to bilayer reconstitution (at the National Institutes of Health) or ATP binding analysis (at the University of Alabama).
Binding of Proteins to ATP-Agarose. r-NBF-1 (-3 ,ug/150 ,l), with or without excess Na2ATP, was incubated with ATP-agarose for 1 hr at 4°C on a rotator. The beads were then washed three times in 1.5 ml of 10 mM Tris'HCI (pH 7.4) and then 30 A1l of SDS sample buffer was added. After 2 min of boiling, an aliquot of the sample was subjected to SDS/ PAGE and the protein was detected by silver staining.
Planar Phospholipid Bilayer Studies. Planar bilayers were formed by applying a suspension of palmityloleolylphosphatidylethanolamine and phosphatidylserine, 1:1, 50 mg/ml each in n-decane, to a hole of -100-120 Am in diameter in a thin Teflon film separating two compartments that contained salt solutions (12) . Channels were incorporated from a suspension of pure phosphatidylserine liposomes and r-NBF-1wt or r-NBF-l1F508 protein by a version of a previously described method (13) . The liposome adduct was added to the cis chamber in small aliquots, and incorporation occurred directly from the experimental solutions. We were always successful in obtaining anion channels whenever we at- 
RESULTS
Expression of r-NBF-l. The NBF-1 domain of CFTR encompasses amino acids 433-586, and the most common mutation responsible for CF is the deletion of F508 within this domain (1-3). As described in the legend to Fig. 1 , we incorporated this sequence into the bacterial pGEX expression system and expressed and purified an appropriately sized protein of -'21 kDa. These results are shown in Fig. 1B , and detailed structural and binding studies will be reported elsewhere (J.H. et al., unpublished data). The recombinant protein (r-NBF-1) binds tightly to ATP immobilized on agarose (Fig. 1C, lane B) , but this binding can be virtually abolished by including excess Na2ATP (10 mM) in the incubation mixture (Fig. 1C, lane C) . Because the starting material in these experiments is a pure 21-kDa, electroeluted polypeptide (compare Fig. 1B, lane F) , the appearance of an additional 42-kDa band after ATP-agarose incubation (Fig.  1C, lane B) can best be explained by dimerization of the polypeptide. Furthermore, degradation products of molecular mass <21 kDa were also noted after incubation of purified r-NBF-1 with ATP-agarose (Fig. 1C, lane B) .
Detection of Anion Channel Activity. Purified r-NBF-1 (100-200 ng) was incorporated into pure phosphatidylserine liposomes, and the liposome adduct was added to the cis chamber of a planar lipid bilayer apparatus (12 To exclude the possibility that the channel current was carried by K+, we designed two direct experiments. In the first case, we replaced K+ in the solution with other cations such as Cs', tetramethylammonium, and tetraethylammonium. We found that symmetrical solutions of CsCl gave essentially identical results to the experiment shown in Fig.  2 with symmetrical KCl. Examples in symmetric solutions of 150 mM CsCl at both 60 and -60 mV can be seen in the control traces for Fig. 4A . We concluded from these data that similar channel activity occurred regardless of our choice of cation.
Our second experiment was to expose the bilayer membrane to solutions that were symmetrical for the cations and asymmetrical for the anions (i.e., a bianionic configuration). Our first bianionic experiment was to place CsHepes in the cis compartment and CsCl in the trans compartment. As shown in Fig. 3A , the continuous trace shows numerous discrete conductance changes revealed by displacements in the current trace in the upward direction, corresponding to anions moving from cis to trans. Since the applied voltage is zero, and there is no concentration gradient for Cs+, the current events must represent Hepes-anion flowing through an open r-NBF-1 channel. As a further test of whether Hepes-could indeed flow through the r-NBF-1 channel, we raised the voltage in the cis compartment to -50 mV. As shown in Fig. 3B , the observed channels were of substantially greater amplitude but still exhibited the quite lengthy open times as observed at 0 mV. Upon reversal of the potential to 50 mV, we observed negative charge flowing in the opposite direction, consistent with Cl-ions flowing from the trans to the cis compartment (data not shown).
We also performed bianionic experiments with KCl in the cis compartment and either KF or KBr in the trans compartment. In the case of the KCI (cis)//KF (trans) system, channel activity was entirely lost, regardless of the voltage applied. However, replacement of KF with KCl resulted in fast recovery of the channel activity. The reversal potential with the bianionic system KCl (cis)//KBr (trans) was slightly different from 0 mV. However, attempts to drive Br-from the trans to the cis compartment through the open channel by positive transmembrane voltages blocked the channel activity. This blockade by Br-could be overcome by application of negative transmembrane voltages (-50 mV), and Clconduction through the open channel was again observed.
Anion conductance systems are differentially sensitive to various anionic drugs in the stilbenedisulfonic acid and in the phenylanthranylate classes (14) (15) (16) r-NBF-l1F-51 channels. Composition of solutions (in mM) is as described in the legend to Fig. 2 . Chloride channel activity was acquired after addition of r-NBF-l1F-51 (see Fig. 5 for an example), and MgATP (1 mM) was added as described in A. The chloride channel activity became virtually undiscernible, as in the case of r-NBF-1 described in A. However, upon increasing the gain and lowering the cutoff frequency of filtering by 10-fold to 50 Hz, it was possible to observe minute channel events. Different levels of conductance were still discernible, and several equivalent currents could be found at +40 or -40 mV, but of opposite sign. a profound reduction ofthe amplitude ofthe channel currents in either direction.
r-NBF-1 with AF508 Mutation. Samples of the r-NBF-1 bearing the AF508 mutation were also prepared and analyzed under the asymmetric bianionic conditions of CsHepes// CsCl found to be optimal for the wild-type r-NBF-1 (r-NBFlwt). The mutant NBF-1 (r-NBF-jAF508) was found to be able to bind to the ATP-agarose matrix, as we had noted for the wild-type protein, and it was able to form anion channels. Under comparable conditions (see Fig. 5 ), the character of the channels formed by the wild type and AF508 mutant appeared very similar. As with the wild-type protein, we observed many conductance levels at any given transmembrane voltage. In virtually every case we were able to observe that full closings and full openings occurred from every open or closed state, respectively. Transitions were also observed from one open state to another. Finally, when all of the well-defined (time > 20 ms) Cl-conductances were plotted as a function of voltage, quite specific current-voltage relationships were clearly discernible for the different conductance states. These are depicted in Fig. SB and delineate a family of Cl-conductances, none of which is an exact multiple of each other. From the value of the reversal potential we calculated that the mutant channel and the wild-type channel (not shown) both preferred Hepes-over Cl-by a factor of -8 (27) . In contrast to this virtual identity between the wild-type and AF508 mutants in terms of the reversal potential in the bianionic Hepes-/Cl-system, we did note an -5-mV difference in reversal potential between the two recombinant proteins when comparing them in the bianionic system gluconate-/Cl-(not shown; to be published in detail elsewhere).
We also tested the r-NBF-1AF508 anion channel for sensitivity to ATP and found it also was blocked by 1 mM MgATP. However, with a higher gain of 100 or 200 mV/pA, we were able to discern channel activity as minute events remaining after ATP blockade (see Fig. 4B ). The minimum conductance noted under these conditions was =9 pS. Virtually identical records were also obtained for the wild-type r-NBF-1 chloride channel when tested under the same conditions.
DISCUSSION
In summary, these data show that the r-NBF-1 domain from CFTR retains the ability to bind ATP and also expresses an ATP-limited anion channel activity when incorporated into a planar bilayer membrane. These ohmic anion channels conduct the monosulfonic acid anion Hepes-somewhat better than Cl-and gluconate approximately as well as chloride. The r-NBF-1 channel is also blocked by the anions Br-and F-, by the drug NPPB, and by the disulfonate Pipes2. Furthermore, under (24) . Certainly, as few as 20 residues would be required to form a typical ,-hairpin transmembrane domain structure, now postulated for the ion-selective region of the voltage-gated K+ channel (17, 25) , and other voltage-gated channels (26 
